Citation for published version (APA): Breedveld, M., Bonting, K., & Dijkhuizen, L. (1998). Mutational analysis of exopolysaccharide biosynthesis by Lactobacillus sakei 0-1. FEMS Microbiology Letters, 169(2), 241-249. DOI: 10.1111241-249. DOI: 10. /j.1574241-249. DOI: 10. -6968.1998 Copyright Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Introduction
Exopolysaccharide (EPS)-producing lactic acid bacteria receive increasing attention, mainly because these bacteria are food grade and their EPS can serve as viscosifying or water binding agents in a variety of food products [1, 2] . In the last 5 years, a number of structures of EPS molecules produced by lactic acid bacteria have been elucidated (e.g., [3^10] ). Recently, the ¢rst reports on the characteristics of the large gene clusters involved in EPS synthesis in Streptococcus thermophilus and Lactococcus lactis have appeared [11^13] .
Lactobacillus sakei strain 0-1 (formerly L. sake 0-1, see [14] ) was isolated from a naturally fermented Belgium salami sausage [15] . This strain is able to produce up to 2.5 g l 3I of a heteropolysaccharide EPS, the highest value reported for a lactic acid bacterium [16] . The repeating unit of this EPS contains glucose, rhamnose, acetate and phosphoglycerol in a ratio of 3:2:0.85:1 [9] (Fig. 1) . Liquid cultures producing this EPS are very viscous and colonies on agar plates clearly have a ropy appearance. As part 0378-1097 / 98 / $19.00 ß 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 8 ) 0 0 4 9 2 -3 of a biochemical and molecular analysis of the EPS biosynthetic pathway in L. sakei strain 0-1, we have isolated a random set of EPS-negative mutants. Characterization of the mutants obtained revealed that an unexpectedly high number was blocked in nucleotide-sugar biosynthesis. Mutants displaying a modi¢ed cell morphology were also identi¢ed.
Materials and methods

Strains and culture conditions
L. sakei strains 0-1, 0-2 and 0-3 were obtained from Unilever Research Laboratories (Vlaardingen, The Netherlands) [15] . For routine analysis, strains were grown in liquid MRS medium [17] , or on MRS agar (1.5%), at 30³C or 12³C for 24^48 and 96^120 h, respectively. Liquid cultures were incubated without aeration and without shaking. For enzyme assays and EPS production, strains were grown in a semi-de¢ned medium (SDM) [16] .
Preparation of cell-free extracts
L. sakei cultures were harvested by centrifugation at 12 000Ug for 30 min at 20³C. EPS was removed from bacterial cells by forcing the viscous culture broth through a 50-ml syringe [16] . Cells were washed with 50 mM Tris-HCl (pH 7.6) and stored as a pellet at 320³C until use. The frozen pellet (1 g) was resuspended in 2 ml 50 mM Tris-HCl (pH 7.6). Cells were broken by passing the cell slurry through a cooled French pressure cell at 137 MPa. The broken cells were centrifuged for 30 min at 20 000Ug (4³C). Supernatants were used as cell-free extracts for enzyme assays.
Enzyme assays
Enzymes involved in nucleotide-sugar synthesis (Fig. 2) were assayed at 30³C, unless stated otherwise. Under the assay conditions used, activities were proportional to the amount of extract applied. Activities were measured in spectrophotometric coupled assays, monitoring the formation or disappearance of NAD(P)H at 340 nm.
(1) Glucokinase (ATP:D-glucose 6-phosphotransferase; EC 2.7.1.2) activity was measured as described [18] .
(2) Phosphoglucomutase (EC 2.7.5.1) activity was measured as described [19] .
(3) UDP-glucose pyrophosphorylase (EC 2.7.7.9) activity was measured by incubating 1.0 ml reaction mixture, containing 50 Wmol Tris-HCl pH 7.5, 5 Wmol MgCl P , 1 Wmol KCl, 3 Wmol NH R Cl, 4 Wmol glucose 1-phosphate, 1 U pyrophosphatase, 10 Wmol MnCl P and extract, at 37³C. The reaction was started by the addition of 4 Wmol UTP. At intervals samples (200 Wl) were withdrawn, incubated for 10 min at 80³C and centrifuged for 3 min at 13 000Ug. To estimate the amount of UDP-glucose formed, 100 Wl supernatant was incubated with 50 Wmol sodium phosphate (pH 9), 0.03 U UDP-glucose dehydrogenase and 0.5 Wmol NAD.
(4) dTDP-glucose pyrophosphorylase was measured as described [20] .
(5) dTDP-glucose 4,6-dehydratase (EC 4.2.1.46) was assayed at 37³C in a reaction mixture (0.5 ml) containing 25 Wmol sodium phosphate (pH 7.0), 0.05 Fig. 1 . Repeating unit of the exopolysaccharide of L. sakei strain 0-1. [9] . Ace = acetate; Glc = glucose; Glyc-3-P = sn-glycerol 3-phosphate ; Rha = rhamnose. Wmol NAD and extract. The reaction was started with 0.25 Wmol dTDP-glucose. At di¡erent time intervals, samples (50 Wl) were withdrawn, added to 750 Wl 0.1 N NaOH and reincubated for 15 min at 37³C. Formation of dTDP-6-deoxy-D-xylo-4-hexulose (O QPH =4600 M 3I cm 3I ) was determined at 320 nm [21] .
(6a,b) dTDP-L-rhamnose formation from dTDP-6-deoxy-D-xylo-4-hexulose (overall reaction) was estimated by monitoring NADPH oxidation in a mixture (1.0 ml) of 0.15 Wmol NADPH, 50 Wmol TrisHCl (pH 7.6), and extract. The reaction was started by the addition of 0.5 Wmol of dTDP-6-deoxy-Dxylo-4-hexulose, obtained by incubating extract, 3 Wmol dTDP-glucose, 4 Wmol sodium phosphate (pH 7.0) and 0.05 Wmol NAD for 5 h at 37³C.
2-[ 3 H]Glycerol labeling experiments
Cultures (OD 0.6^0.8; volume 1 ml) were labeled with 0.5 WCi [
Q H]glycerol (50 WM) for 30 min. After centrifugation the pellet was counted for radioactivity. The supernatant was treated with 3 volumes of ethanol and the EPS fraction collected by centrifugation. This fraction was washed twice with 75% ethanol and ¢nally redissolved in water. Aliquots were taken and the amount of radioactivity was measured by scintillation counting.
Mutagenesis and screening
L. sakei 0-1 was grown in 10-ml cultures to an OD at 660 nm of 0.5^0.8 and the cells were harvested by centrifugation. Cells were resuspended in 10 ml MRS medium minus glucose, 0.2 ml ethylmethane sulfonic acid was added and the mixture incubated for 1 h. After centrifugation and washing steps with MRS medium, the cells were further incubated in 100 ml MRS medium (containing glucose) for another 3 h. Appropriate dilutions were spread on MRS agar and incubated for 48 h. Individual colonies were screened for ropiness by touching them with sterile tooth picks; wild-type ropy (EPS-producing) colonies form a typical thread-like structure. Several nonropy colonies were identi¢ed as possible EPS-negative mutants. These were grown in 10 ml MRS medium, plated out, and single colonies were tested again for ropy appearance and for EPS production. Cell shape and morphology were checked by light microscopy (1000U magni¢cation) and electron microscopy. Preparation of samples for electron microscopy was performed according to Gerritse et al. [22] with a minor modi¢cation: colonies were ¢xed with 2.5% glutaraldehyde and 0.05% ruthenium red in 0.1 M sodium cacodylate pH 7.2 on ice for 3 h.
EPS isolation and quanti¢cation
Cells were separated from the supernatant as de- 
+, EPS-positive strain ; 3, EPS-negative strain. % of label incorporated in the EPS fraction is indicated.
scribed above and EPS was isolated and puri¢ed as described [9] . The amount of EPS was estimated with the phenol-sulfuric acid method with puri¢ed EPS as a standard [23] . Sugar composition of puri¢ed EPS was determined as described [9] .
Results
Screening for EPS negative mutants of L. sakei 0-1
Simple color dye tests to screen for EPS production by colonies on agar plates have been described for both Gram-negative and Gram-positive bacteria. These methods were tested with strain 0-1 (EPS-producing) and strains 0-2 and 0-3 (both EPS-negative). All three strains, isolated from the same environment, have been classi¢ed as L. sakei [15] . When comparing the appearance of these strains on MRS agar containing 20 Wg l 3I Congo red, toluidine blue, ruthenium red, trypan blue, or methylene blue, no distinguishing features were apparent [23] . Also soft agar overlays with 50 Wg l 3I of these dyes did not reveal strain di¡erences. Calco£uor white, a £uores-cent dye which interacts with succinoglycan upon illumination with UV light [24] , was also tested but did not interact with L. sakei EPS.
In an alternative approach, individual colonies were tested for ropiness. This is a major distinguishing feature between strain 0-1 (clearly positive) and strains 0-2 and 0-3 (clearly negative). Following treatment of strain 0-1 with the mutagen ethylmethane sulfonic acid, 3100 colonies were screened for their ropy appearance. On the basis of this criterion a total of 10 colonies, designated 12, 13, 17, 20, A, B, E, I, L, and Q, were identi¢ed as possible EPS-negative mutants. These non-ropy mutants behaved similarly on MRS agar with the dyes referred to above. They were characterized with respect to substrate utilization pro¢le, production of EPS, cell morphology, nucleotide-sugar biosynthesis, and synthesis of the EPS repeating unit.
Substrate utilization pro¢le
Strains 17, 20 and E displayed abnormal cell morphology (see below). To con¢rm that all 10 mutant strains had been derived from the same source, all strains were subjected to an API test system (API 50 CH, BioMerieux, Den Bosch, The Netherlands). This API test system does not contain L. sakei as a reference strain. This test nevertheless clearly indicated that strain 0-1, and all mutants isolated, had an identical substrate utilization pro¢le. All strains fermented ribose, galactose, glucose, fructose, mannose, N-acetyl-glucosamine, L-arabinose, salicin, gluconate and cellobiose, and sucrose, but not maltose, 2-keto-gluconate, and amygdaline. Also Lrhamnose, a component of the EPS produced by L. sakei 0-1, was not used as a growth substrate. Strains were stored in MRS containing lactose. Some strains were stored in regular MRS containing glucose, which resulted in loss of ability to ferment lactose.
EPS production and cell morphology
Strain 0-1 produced 2 g l 3I of EPS in SDM medium at 30³C [16] . On MRS agar plates, colonies of strain 0-1 were routinely checked for ropiness, but no non-ropy colonies were found. Cells grown in MRS medium produced reproducibly 600^800 mg l 3I of EPS. Strains 0-2 and 0-3 did not produce EPS (detection level 10 Wg l 3I ). Of the 10 non-ropy mutants isolated, seven strains (strains 13, 20, A, B, I, L, and Q) did not produce any EPS, indicating that a suitable screening technique had been employed. This non-ropy phenotype remained stable during the course of the investigation. Strains 12, 17, and E were also originally selected for their non-ropy appearance. At 30³C, strain 12 did not produce large amounts of EPS (less than 25 mg l 3I ), but 17 and E both produced EPS at around wild-type level. After repeatedly plating out, strains 17 and E remained viscous, suggesting that their ropy phenotype was stable. At temperatures below 20³C, EPS production by strain 12 strongly increased, to 450 mg l 3I at 12³C (compared to 850 mg l 3I for strain 0-1 at 12³C). None of the mutant strains showed this temperature-dependent EPS production. The EPS of strain 12 consisted mainly of glucose ( s 90%). The sugar composition of the single EPS product of strain 0-1 and E was comparable at both temperatures (glucose and rhamnose in a ratio of 3:2).
Cultures of strains E and 17 contained a high per-centage of elongated cells, whereas all other wildtype and mutant strains displayed the rod-like cell morphology typical for lactobacilli. The rod-shaped cells were often present as chains of 5^8 cells. Electron micrographs of strain E con¢rmed the elongated cell shape (Fig. 3) , but also showed a relatively high percentage of lysed cells compared to strain 0-1 (data not shown). Strain 20 also was unusual in this respect, growing in large £ocs of numerous cells. As a result, a 10-ml stationary phase culture of strain 20 in a 15-ml culture tube sedimented in less than 5 min, compared to 2^3 h for the EPS-negative strains and 4^5 days for the EPS-positive strains.
Enzymes involved in UDP-glucose and dTDP-rhamnose biosynthesis
Activities of glucokinase, phosphoglucomutase, UDP-glucose pyrophosphorylase, dTDP-glucose pyrophosphorylase, and dTDP-glucose dehydratase were detected in strains 0-1 and 0-2, and mutant strains 12, 17, 20, and E ( Table 1 ). The combined activities of dTDP-6-deoxy-D-xylo-4-hexulose-3,5-epimerase, and NADPH:dTDP-6-deoxy-D-xylo-4-hexulose-4-reductase in strains 0-1, 0-2 and 0-3 were very low, between 0 (strain 0-3) and 6 (strain 0-1) nmol min 3I mg 3I . We did not assay for these activities in the mutant strains. Glucokinase and phosphoglucomutase activities were present in all strains, as expected for essential enzymes. Strain 0-3 and mutant strain Q lacked UDP-glucose pyrophosphorylase, dTDP-glucose pyrophosphorylase and dTDPglucose dehydratase activities. dTDP-glucose dehydratase activity was also absent in mutant strains 13, A, B, I, and L.
Enzyme(s) involved in incorporation of phosphoglycerol in EPS
Chemical removal of phosphoglycerol resulted in a severe loss of viscosity of EPS of strain 0-1 [9] . The non-ropy mutant strain 20 thus might be blocked in phosphoglycerol transferase activity. In Gram-negative bacteria such as Escherichia coli and Rhizobium meliloti, the phosphoglycerol moiety of periplasmic oligosaccharides is derived from phosphatidylglycerol [25] . This oligosaccharide fraction can be labeled with 2-[
Q H]glycerol present in the medium. Therefore, whole cells of strain 0-1 and mutant strains were labeled with 2-[ Q H]glycerol, followed by extraction of the EPS fraction. Clear incorporation of label was found with EPS-producing strains; incorporation levels were signi¢cantly lower with strain 20 and other EPS-negative strains (Table 2) . Possibly, glycerol-containing cell wall fragments (e.g. teichoic acids) (co)precipitated and gave rise to signi¢cant background labeling in all strains. Indeed, high amounts of label were found in remaining cell pellets, indicating the presence of glycerol-containing cell wall polymers.
Discussion
At least 15 genes appear to be required to encode the complete pathway of EPS biosynthesis in L. sake: at least seven enzymes are involved in synthesis of dTDP-rhamnose and UDP-glucose (Fig. 2) . Furthermore, at least eight genes encoding glycosyltransferases, a phosphoglycerol transferase, an acetyltransferase, plus further genes encoding polymerization, export and regulatory proteins, are necessary. Following development of suitable mutagenesis and screening methods, several mutants of L. sakei 0-1 a¡ected in EPS biosynthesis were identi¢ed. Quite surprisingly, only two mutants (plus strain 0-2) appeared speci¢cally blocked in the synthesis of the normal EPS of L. sakei 0-1 (strains 12 and 20), while six mutants (plus strain 0-3) had lost one or more enzymes involved in UDP-glucose and dTDP-rhamnose biosynthesis (Table 1 ; Fig. 2 ). At present it can only be speculated what causes this unexpected ratio of mutations (see below). In L. sakei 0-1, the nucleotide sugar biosynthetic enzymes were detected at levels similar to, or one order of magnitude higher than, those measured in L. delbrueckii NCFB 2772 (except that glucokinase was absent), which produces an EPS containing glucose, rhamnose and galactose [26] . Strain 0-3 and strain Q both lacked UDP-glucose pyrophosphorylase activity, necessary for synthesis of UDP-glucose, a key intermediate not only in EPS synthesis but also in many other sugar biosynthetic pathways. Conceivably, a low background UDP-glucose synthesizing activity (below our detection limit) is still present and may be su¤cient to maintain a minimum level of UDP-glucose synthesis.
On the basis of various observations, ¢ve classes of mutants could be distinguished: (I) ¢ve EPS-negative mutants only lacking dTDP-glucose 4,6-dehydratase (TDPDH) activity (mutant strains 13, A, B, I, and L); (II) two EPS-negative mutants lacking TDPDH, dTDP-glucose pyrophosphorylase, and UDP-glucose pyrophosphorylase activity (strains Q and 0-3); (III) two EPS-negative mutants possessing activity of all the enzymes necessary to synthesize the nucleotide-sugars, suggesting a defect in a speci¢c EPS biosynthetic enzyme (e.g. a glycosyltransferase or a phosphoglycerol transferase or an EPS polymerizing/exporting protein) (strains 20 and 0-2); mutant 20 also strongly £occulated; (IV) one mutant that no longer produced the normal L. sakei 0-1 EPS but synthesized EPS with a di¡erent sugar composition (strain 12), which is preferentially produced at lower temperatures; this mutant still possessed all enzymes necessary to synthesize the nucleotide-sugars; (V) two EPS-positive mutants with a di¡erent cell morphology (elongated cells), indicating a possible defect in cell wall synthesis (strains 17 and E).
Strains E (see above) and 17 (not shown) produced the same EPS as strain 0-1 but these mutants were possibly a¡ected in cell wall synthesis. These strains were originally isolated as clearly non-ropy. In subsequent rounds of plating, both strains displayed a ropy character. The true EPS-negative mutant strain 20 was also noted for its £occulating ability. Interestingly, Stingele and coworkers [12, 27] recently described EPS-negative mutants of S. thermophilus a¡ected in cell morphology. These various observations may all re£ect the fact that peptidoglycan and EPS synthesis are interconnected pathways, involving the intracellular formation of precursors using sugar nucleotides, a common lipophilic carrier molecule undecaprenyl-phosphate to transport precursors to the outside of the cell membrane, and polymerization of the precursors [27] . Mutations in either peptidoglycan synthesis or EPS synthesis conceivably result in accumulation of sugar-linked undecaprenyl-phosphate precursors which are not further polymerized. This would decrease the pool of free undecaprenyl-phosphate molecules for either of these biosynthetic processes. It is thus possible that mutations in EPS biosynthesis of L. sakei also block peptidoglycan synthesis, which potentially is lethal to the cell. This may at least partly explain the low frequency at which mutants blocked in EPS synthesis speci¢cally were isolated. Mutations in cell wall biosynthesis may also a¡ect EPS biosynthesis, which at least initially appeared to be the case in mutants E and 17.
Strain 12 appears fully blocked in synthesis of the normal L. sakei EPS. The precise mutation that has occurred in strain 12 remains to be identi¢ed, however. It is believed that in Gram-negative bacteria at suboptimal growth temperatures more undecaprenylphosphate carrier is available for synthesis of (the repeating unit of the) EPS [28] . Undecaprenol plays a key role in the biosynthesis of EPS from Gramnegative bacteria, but also in that of peptidoglycan and teichoic acid. It may be that at higher growth rates more undecaprenol will be used for the synthesis of cell wall material and less for the biosynthesis of EPS. It therefore appears likely that strain 12 is severely a¡ected in regulation of EPS synthesis at the optimal growth temperature. However, although all enzymes involved in synthesis of the nucleotide-sugars are present, and EPS production is very much apparent at low temperatures, the EPS has a di¡er-ent appearance as suggested by the di¡erent sugar composition. We tried several times to measure any intermediates in the EPS biosynthesis but without success (not shown). Whether or not EPS biosynthesis in L. sakei (and other lactic acid bacteria) proceeds via an undecaprenyl-phosphate carrier, similar to the situation in Gram-negative bacteria, remains to be investigated.
